F-specific (F؉) RNA phages are widely used as indicators for the presence of fecal contamination and/or enteric viruses in water, and identifying subgroups of F؉ RNA phages provides an approach for microbial source tracking. Different survival characteristics of the F؉ RNA phage subgroups result in a misinterpretation of their original proportion in water, thus giving misleading information when they are used for microbial source tracking. This study investigated the comparative persistence of subgroups of F؉ RNA phages in river water under different conditions. Results suggested that temperature and pH are the major factors affecting the persistence of F؉ RNA phages in river water, and organic substances promote phage survival. The comparative persistence patterns of subgroups of F؉ RNA phages varied and may bias extrapolation of their initial proportions in surface water. Thus, the characteristics of water should be taken into consideration and the results should be carefully interpreted when F؉ RNA phages are used for microbial source tracking.
F
-specific (Fϩ) RNA phages are a group of single-stranded RNA bacteriophages belonging to the family Leviviridae (1, 2); they infect host bacteria by absorbing to and injecting RNA through sex pili on the surfaces of the cells (3) . Fϩ RNA phages are divided into four subgroups according to their serology and phylogeny (4) and have been recommended as indicators for the presence of viral pathogens and fecal contamination, since they are similar to enteric viruses in genomic and physical properties, they are transmitted by the fecal-oral route as are enteric viruses, and their presence is highly correlated to viral contamination in various water types (3, 5) . An interesting phenomenon is that subgroups II and III are generally of human origin and subgroups I and IV are predominantly isolated from animal feces (6, 7) . This provides the potential to distinguish fecal contamination of human or animal origin.
Phage groups differ in their resistances to environmental stressors and exhibit various persistences in aquatic environments (8) , which may bias the relative prevalence of different phage groups in aquatic environments, thus leading to potential errors in the assessment of water quality. In order to assess the usefulness of viral indicators and to collect quantitative information necessary for risk assessment of water quality and water disinfection processes, investigations on the survival characteristics of some phages have been conducted (9, 10) . However, most of these studies have investigated the impact of only one stressor on the survival characteristics of phage indicators (1), or employed one phage strain as a surrogate to determine the effect of environmental or processing stresses on viral survival or activity (11) . Little information is currently available about the differential persistence among the four subgroups of Fϩ RNA bacteriophages in surface water, a main source of water for irrigation. Differential persistence of subgroups of Fϩ RNA phages may bias their initial prevalence in environmental water, leading to insufficient or even biased information when identifying the origin of fecal contamination, as phages will be exposed to more than one stress when present in natural aquatic environments. In this study, we investigated the comparative persistence of subgroups of Fϩ RNA phages in river water.
MATERIALS AND METHODS
Bacteriophages and bacterial host. Bacteriophages MS2, GA, Q␤, and SP were used as reference phages for Fϩ RNA phage subgroups I, II, III, and IV, respectively. Escherichia coli Famp (ATCC 700891) was employed as the bacterial host for all four Fϩ RNA bacteriophages. The bacteriophages and host bacterium were kindly provided by Lawrence Goodridge, Colorado State University, and their identity was confirmed by reverse transcription-PCR (RT-PCR) using specific primers. The bacterial host culture and phage stocks were prepared as described elsewhere (12) . Phage stocks were stored at 4°C before use within 2 weeks. Phosphate-buffered saline (PBS, pH 7.2) was used to prepare 10-fold dilutions when performing phage enumeration in triplicate by the use of the double-layer agar method (13) , except that ampicillin-streptomycin (15 g ml Ϫ1 ) was used for selective growth of host cells and that 1 ml of sample was assayed for phage enumeration. Only plates with 30 to 300 plaques were used for plate counting, and the phage concentration was expressed as PFU/ml. All the experiments were performed in triplicate.
Characteristics of river water. River water samples were collected from the Speed River in the downtown area of Guelph, Canada, using sterile plastic containers and transported on ice to the laboratory, where they were stored at 4°C and assayed within 48 h. Turbidity, total suspended solids, total organic carbon, and aerobic bacterial count of the water sample were 17.8 nephelometric turbidity units (NTU) liter Ϫ1 , 10.0 mg liter Ϫ1 , 56.9 mg liter Ϫ1 , and 3.70 log CFU ml Ϫ1 , respectively (characterized by Lab Services, University of Guelph). Preliminary studies (by plating river water onto tryptic soy agar [TSA] plates containing ampicillin-streptomycin) showed that the native microbiota in the river water did not grow in the presence of the antibiotics used for phage propagation. The number of naturally occurring Fϩ RNA phages in 100-ml water samples was determined by plaque assay, and no Fϩ RNA phage was found.
Persistence of F؉ RNA phage subgroups in raw river water at different temperatures. Since temperature was one of the majors factors affecting the survival of viruses, persistence of Fϩ RNA phage subgroups at different temperatures was determined. River water samples distributed in glass flasks were spiked with subgroups of Fϩ RNA phages to reach concentrations of about 4 log PFU/ml. The spiked water samples were placed at 4, 15, or 25°C, and phage titers were determined every 2 days by the plaque method described above. The values determined immediately after inoculation were treated as phage concentrations on day 0. The three temperatures chosen were in the range of temperatures encountered throughout the year.
Effects of pH on the persistence of subgroups of F؉ RNA phages. The pH of river water samples was 8.34, measured by the use of a model 215 pH meter (Denver Instrument, NY). The pH of these water samples was adjusted to 7.02 or 5.53 by the use of 0.1 mol ml Ϫ1 of HCl, and then the samples were inoculated with subgroups of Fϩ RNA phages to concentrations of about 4 log PFU ml Ϫ1 as described above. The inoculated river water samples were placed at 25°C, and phage titers were tested as described above.
Effects of microorganisms and suspended solids on the persistence of subgroups of F؉ RNA phages. Various indigenous microorganisms may be present in surface water, and the nature of these is one of the major factors affecting the activity of viruses in water environments (14) . The influence of the native microbiota (and their enzymes and metabolites) on the persistence of subgroups of Fϩ RNA phages was determined. River water was autoclaved to inactivate microorganisms and enzymes potentially present in the water sample. The treated water samples were inoculated with subgroups of Fϩ RNA phages to final concentrations of about 4 log PFU ml Ϫ1 and placed at 25°C. Phage titers were tested every 2 days as described above. The reduction in phage infectivity was compared with that in raw river water at 25°C to elucidate the effects of the native microbiota on the persistence of subgroups of Fϩ RNA phages.
When determining the influence of suspended solids on the persistence of subgroups of Fϩ RNA phages, heat-treated water samples were filtered through a 0.45-m membrane filter (Fisher Scientific, Ottawa, Ontario, Canada) to remove suspended solids. Subgroups of Fϩ RNA phages were spiked, and phage titers in the samples were measured as described above. Phage counts were compared with those observed in unfiltered river water to determine the effects of suspended solids on the persistence of subgroups of Fϩ RNA phages.
RESULTS
Persistence of F؉ RNA phages in river water at different temperatures. The persistence of Fϩ RNA phages in river water was dependent on temperature, as shown by the differences in log reduction at 4, 15, and 25°C (Table 1 ). The log reductions of the four phages at 25°C was significantly higher (P Ͻ 0.05) than that at 15°C, which, in turn, was significantly higher than that at 4°C within a given period. The results showed that temperature was an important factor affecting the persistence of Fϩ RNA phages in river water. At 25°C, phage Q␤ exhibited a significantly smaller (P Ͻ 0.05) log reduction than the other phages, all of which behaved similarly at this temperature (P Ͼ 0.05). At 15°C, phage GA showed the lowest log reduction and was significantly more stable (P Ͻ 0.05) than the other three phages. However, phage SP exhibited the greatest log reduction at 4°C after 30 days, and this was significantly higher than that of phages MS2 and Q␤, which, in turn, exhibited a significantly higher (P Ͻ 0.05) loss in phage titer than GA.
Effects of pH on the persistence of F؉ RNA phages. Effects of pH on the persistence of Fϩ RNA phages in river water are shown in Table 2 . All four subgroups persisted longer in river water at decreasing pHs in the range of 5.53 to 8.35. At pH 8.35, phage Q␤ was the least stable (P Ͻ 0.05), whereas at pH 7.02, phage GA showed the greatest stability. However, at pH 5.53, phage GA exhibited the highest log reduction after 10 days, and this loss in titer was significantly greater (P Ͻ 0.05) than observed for the other three phages.
Effects of microbes, suspended solids, and organic matter on the persistence of F؉RNA phages. As shown in Table 3 , the effects of microorganisms and suspended solids on the persistence of Fϩ RNA phages varied according to the phages. Except phage Q␤, all the other three subgroups showed slightly higher persistence in heat-treated water, when indigenous microorganisms and their enzymes would be inactivated. When suspended solids were removed from autoclaved river water, all the phages were less stable, except phage Q␤.
In both raw and heat-treated river water, phage Q␤ exhibited the highest log reduction after 4 days, significantly higher (P Ͻ 0.05) than the other three phages. However, following inactivation of the native microbiota and removal of suspended solids, phage GA exhibited the highest log reduction, which was significantly higher than the reduction in titer observed for phage SP, which, in turn, was significantly higher (P Ͻ 0.05) than for phages MS2 and Q␤.
DISCUSSION
Fϩ RNA phages have been widely used as indicators of fecal contamination or used in microbial source tracking (15, 16) . Knowledge of the comparative survival characteristics of Fϩ RNA phages is needed to provide an accurate interpretation when they are used for microbial source tracking. Studies on the resistance of phages MS2 and Q␤ to various inactivating processes and comparison of the persistence between Fϩ RNA phages and enteric viruses (17) (18) (19) in aquatic environments are abundant. However, information on the differential persistence of subgroups of Fϩ RNA phages, especially in surface water, is limited. Researchers have investigated the comparative resistance of subgroups of Fϩ RNA phages to inactivating processes (7) and suggested that the usefulness of Fϩ RNA phages as tracers of fecal contamination may be hindered by the differential persistence of subgroups of Fϩ RNA phages (20) . This study investigated the comparative persistence of subgroups of Fϩ RNA phages in surface water in order to avoid incorrect interpretation when they are used for microbial source tracking. The effects of temperature, pH, indigenous microorganisms and their enzymes, and suspended solids on the persistence of Fϩ RNA phages were determined, since they are the major factors affecting the survival of viruses in surface water (21) (22) (23) . The conditions tested were controlled so as to observe their specific effects on phage persistence, and synergistic or antagonistic effects of different stresses may occur. Competition between actual strains of phages was not evaluated in this study, since the method used to determine phage infectivity was unable to distinguish strains of Fϩ RNA phages. The results in this study provide information on the variability of the persistence of subgroups of Fϩ RNA phages under different conditions, which may contribute to the distribution of subgroups of Fϩ RNA phages in surface water. Among the parameters investigated, temperature and pH are the main factors affecting the persistence of Fϩ RNA phages in river water. The higher persistence of all four phages at lower temperatures is consistent with the higher occurrence of enteric viruses and Fϩ RNA phages in the winter (24, 25) and can be explained by the higher hydrolysis rate of proteins and enzyme activity of proteases at higher temperatures. Previous studies have reported that the inactivating effects of indigenous microorganisms were due to their production of proteases (14, 26) , but data on successful isolation and subcultivation of the microorganisms in the laboratory are scarce. However, in this study, the persistence of Fϩ RNA phages was not significantly (P Ͼ 0.05) increased when the microorganisms and potentially their enzymes were inactivated. The higher persistence Fϩ RNA phages at lower pH may be attributed to their less charged state and thus the decreased ability to be adsorbed to solid particles. Aggregation occurs only when the pH is below the isoelectic points of Fϩ RNA phages (27) , which are 3.1, 2.1, 2.7, and 2.1 for phages MS2, GA, Q␤, and SP, respectively, at 1 mM ionic strength (28) . Suspended solids are reported to have protective effects on the survival of viruses in water (29) , and in this study, lower persistence of phage (except Q␤) was observed in inactivated river water when suspended solids were removed by filtration. However, the protective effects of suspended solids on the persistence of Fϩ RNA phages in river water may be underestimated, since more than one phage particle can be adsorbed to a single suspended solid particle, thus decreasing the number of PFU determined by the plaque method. PCR methods may overcome such problems; however, PCR detects RNA from inactivated and active phage particles and the infectivity of Fϩ RNA phages will not be ascertained. The presence of organic matter had a protective effect on the persistence of Fϩ RNA phages in aquatic environments, and it was confirmed by the higher persistence of Fϩ RNA phages in humic acid (which is the major component of dissolved organic matter in river water) solutions than that in distilled water (data not shown).
The comparative persistence patterns of the four subgroups of Fϩ RNA phages varied under different conditions, which differed from previous findings suggesting that subgroup I showed the highest persistence under all inactivation conditions studied (fresh water, chlorination, ammonia, extreme pH, temperature, and salt concentrations) (7) . This can be explained by the different aquatic matrix and the different strains of Fϩ RNA phages for each subgroup that were used in our study. The various persistence patterns of subgroups of Fϩ RNA phages at neutral pH may be related to their different surface properties, since viruses possess a pH-dependent surface charge in polar media and the four phages have different isoelectric points (30) . The RNA sequences of the phages may also influence their electrohydrodynamic and aggregation profiles (31, 32) and thus the comparative persistence patterns at different pHs. Even though the inactivating effects of indigenous microorganisms on the activity of viruses in some aquatic environments have been reported previously (26, 33, 34) , the microbiota of the river water in this study may not have virusinactivating effects. In addition, besides inactivation of microorganisms and enzymes potentially present, heat treatment may also lead to other changes such as colloidal properties of the suspended solids in the river water. All of these may contribute to the similar persistence patterns of Fϩ RNA phages in river water with and without heat treatment. The largest difference in log reduction of phage GA before and after the removal of suspended solids was consistent with its lowest isoelectric point among the four phages. However, the protective effects of suspended solids on the activity of Fϩ RNA phages may be offset by the decline of PFU due to the adsorption of more than one phage particle onto a single suspended particle, which makes it difficult to quantify the effects of suspended solids on the activity of Fϩ RNA phages.
Comparative persistence patterns of the four phages varied at different temperatures, and the difference in the persistence of subgroups of Fϩ RNA phages under some conditions (e.g., persistence of phages MS2 and GA at 15°C) was statistically significant (P Ͻ 0.05); however, the difference in log reduction at any of these temperatures was less than 0.5 after 4 days. The log reduction of phage GA was higher than for the other three phages by 1.40 to 1.58 at pH 5.53 after 10 days, but the difference in log reduction among the four phages was no more than 0.4 after 4 days. Since Fϩ RNA phages are indicators of fecal contamination that indicate recent contamination and the application of Fϩ RNA phages in microbial source tracking is based not on the proportion of subgroups of Fϩ RNA phages but on the association of specific subgroups with human or animal feces, the effects of temperature and pH on the comparative persistence of subgroups of Fϩ RNA phages will not exclude their use in microbial source tracking of fecal contamination of river water. Even though the difference in log reduction among the four phages after 4 days was as high as 0.94 in heat-treated river water and as high as 1.46 when suspended solids were removed from the heat-treated water, river water rarely, if ever, experiences such treatments, and thus the difference will not hinder the use of Fϩ RNA phages in tracking the source of fecal contamination of river water.
However, the environmental parameters and compositional makeup of surface water may substantially vary between different geographical locations, and parameters not tested in this study (e.g., hardness) may also affect the persistence of Fϩ RNA phages. The characteristics of surface water in terms of their influence on the persistence of Fϩ RNA phages should be considered to give more accurate information when assessing microbial quality, and the results should be carefully interpreted when tracking the source of fecal contamination if the pH of river water is in the acid range. It cannot be denied that there is not a single indicator that is perfect for monitoring fecal contamination or microbial source tracking. Thus, strains of each subgroup of Fϩ RNA phages other than those tested in this study may vary in their persistence in river water, and more information on the persistence patterns of various strains of Fϩ RNA phages is needed to give more accurate estimation of the source of fecal contamination.
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